We report an in-depth computational study of the protein sequences and structures of the superfamily of archaeo-eukaryotic primases (AEPs). This analysis greatly expands the range of diversity of the AEPs and reveals the unique active site shared by all members of this superfamily. In particular, it is shown that eukaryotic nucleo-cytoplasmic large DNA viruses, including poxviruses, asfarviruses, iridoviruses, phycodnaviruses and the mimivirus, encode AEPs of a distinct family, which also includes the herpesvirus primases whose relationship to AEPs has not been recognized previously. Many eukaryotic genomes, including chordates and plants, encode previously uncharacterized homologs of these predicted viral primases, which might be involved in novel DNA repair pathways. At a deeper level of evolutionary connections, structural comparisons indicate that AEPs, the nucleases involved in the initiation of rolling circle replication in plasmids and viruses, and origin-binding domains of papilloma and polyoma viruses evolved from a common ancestral protein that might have been involved in a protein-priming mechanism of initiation of DNA replication. Contextual analysis of multidomain protein architectures and gene neighborhoods in prokaryotes and viruses reveals remarkable parallels between AEPs and the unrelated DnaG-type primases, in particular, tight associations with the same repertoire of helicases. These observations point to a functional equivalence of the two classes of primases, which seem to have repeatedly displaced each other in various extrachromosomal replicons.
INTRODUCTION
In almost all currently known DNA replication systems, the initiation of replication requires a free hydroxyl group to which nucleotides are transferred by DNA polymerases for the synthesis of a new strand (1, 2) . Several distinct solutions for this requirement have been described: (i) All cellular life forms and many DNA viruses, phages and plasmids use a primase to synthesize a short RNA primer with a free 3 0 OH group that is subsequently elongated by a DNA polymerase (2) .
(ii) The retroelements (including retroviruses) employ a tRNA that primes DNA replication by providing a free 3 0 OH that is used for elongation by the reverse transcriptase (1) . (iii) In adenoviruses and the f29 family of bacteriophages, a hydroxyl group is provided by the side-chain of an amino acid of the genome-attached protein (the terminal protein) to which nucleotides are added by the DNA polymerase to form a new strand (3) . (iv) In several families of DNA viruses, such as parvoviruses, geminiviruses, circoviruses, and many phages and plasmids that adopt a rolling circle replication (RCR) model, the RCR endonuclease (RCRE) creates a nick in one of the DNA strands. The 5 0 end of the nicked strand is transferred to a tyrosine residue on the nuclease, and the free 3 0 OH group is elongated by a DNA polymerase for the new strand synthesis (4, 5) .
Although all known cellular replication systems utilize an RNA primer for DNA replication initiation, two structurally distinct and non-homologous versions of primases catalyze primer synthesis. In all bacteria, the primase involved in DNA replication, belongs to the DnaG superfamily and contains a catalytic domain of the TOPRIM fold (6, 7) . The TOPRIM fold contains an a/b core with four conserved strands in a Rossmann-like topology and is also found in The online version of this article has been published under an open access model. Users are entitled to use, reproduce, disseminate, or display the open access version of this article for non-commercial purposes provided that: the original authorship is properly and fully attributed; the Journal and Oxford University Press are attributed as the original place of publication with the correct citation details given; if an article is subsequently reproduced or disseminated not in its entirety but only in part or as a derivative work this must be clearly indicated. For commercial re-use, please contact journals.permissions@oupjournals.org the catalytic domains of topoisomerase Ia, topoisomerase II, the OLD-family nucleases and DNA repair proteins related to RecR (6) . In the archaeo-eukaryotic lineage, the principal primase involved in replication contains a highly derived version of the RNA recognition motif (RRM) fold (8, 9) . A catalytic domain based on an RRM-like scaffold is also present in viral RNA-dependent RNA polymerases, reverse transcriptases, cyclic nucleotide generating cyclases, and DNA polymerases of the A/B/Y families that are involved in DNA replication and repair (9) (10) (11) (12) (13) (14) (15) (16) (17) . This fundamental dichotomy between the primases in the archaeo-eukaryotic and bacterial lineages is paralleled in several other components of DNA replication. In particular, the principal replicative polymerase and the gap-filling polymerase are very distinct and, apparently, non-homologous between the archaeoeukaryotes and bacteria. Similarly, the principal replicative helicases are non-orthologous between these two primary divisions of cellular life. In contrast, several other components of the DNA replication machinery, such as the DNA ligases, PCNA, clamp-loader ATPases, Topoisomerase Ia and RNAse HII, are orthologous between archaeo-eukaryotes and bacteria (18, 19) .
Comparative analysis of proteins containing the TOPRIM domain provides substantial clues as to the early stages of evolution of this class of proteins. Specifically, the TOPRIM domain of DnaG is also found in the archaeal DnaG ortholog, which is conserved in all archaeal species, and in topoisomerase Ia and topoisomerase II, which are present in both archaea and bacteria (6, 20) . This suggests that distinct versions of the TOPRIM domain which were, respectively, ancestors of the DnaG-type primases and the topoisomerases were already present in the last universal common ancestor (LUCA) (6, 18) . However, given that the archaeal DnaG proteins have been shown to associate with the RNA-degrading exosome complex (20) , it is unclear if the ancestral form of DnaG in LUCA was involved in RNA metabolism or DNA replication.
The origin of the archaeo-eukaryotic primase (AEP) superfamily is more obscure. In addition to the archaea, eukaryotes and baculoviruses, a divergent member of the AEP superfamily was detected in diverse bacteria, where it appears to function, along with homologs of the Ku protein and ATPdependent DNA ligases, in a DNA repair system involved in non-homologous end-joining (NHEJ) (21) (22) (23) . The phyletic profile of the cellular members of the AEP superfamily suggests that it was not represented in LUCA and was recruited for primer synthesis only at the base of the archaeo-eukaryotic lineage, with subsequent acquisition by bacteria via horizontal gene transfer (HGT).
Recently, a novel family of AEPs called the prim-pol, which is sporadically present in crenarchaeal and Gram-positive bacterial plasmids, has been described (24, 25) . The prim-pols catalyze both a DNA polymerase and a primase reaction (hence the name). They are often fused to Superfamily III helicases or are encoded by genes in the neighborhood of those encoding such helicases (24, 25) . These primases and the associated helicases have been proposed to form the replication initiation complex of the respective plasmids (24) . Crystal structures of the prim-pols showed that they shared a structure and several identically positioned catalytic residues with the archaeal replicative primase, indicating that the prim-pols were divergent members of the AEP superfamily (25) . The presence of both DNA polymerase and RNA polymerase activities in the prim-pols suggests a primitive state, possibly, resembling early, transitional DNA replication systems where the same enzyme catalyzed both initiation and elongation (24) .
Given our long-standing interest in understanding the nature of early DNA replication systems, the discovery of the primpols and the report of their crystal structure prompted us to re-investigate these systems from the standpoint of the origins of the AEP. With this objective, we performed a comprehensive study of the phyletic distribution and evolutionary affinities of the prim-pols in relation to the other members of the AEP superfamily and the larger class of nucleic acid polymerases and cyclases, which also contain the catalytic palm domain with an RRM-like fold. In addition, we were interested in the provenance of two other non-cellular primases of uncertain evolutionary affinities, such as, the herpesvirus UL52 primases and the RepA-like primases of ColE2-like plasmids (26) (27) (28) (29) .
In this study, we expand the AEP superfamily to include the UL52-like primases of herpesviruses, the N-terminal domains of the D5-like protein of the nucleo-cytoplasmic large DNA viruses (NCLDV) and phages, the RepA-like primases of the ColE2 group of plasmid, a previously unknown family of predicted eukaryotic cellular primases, and several other primase-helicase proteins from bacteriophages, predicted transposons and plasmids. Our analysis points to the existence of at least 13 distinct families in the AEP superfamily. Structural comparisons show that the RCREs and the DNA replication origin-binding domains of papovaviruses are the closest relatives of the AEPs among the RRM-like nucleic acid palm domains. This suggests that both nucleotidyl transferase and nuclease activity evolved in the same class of proteins, which is reminiscent of the evolution of primase and nuclease activities in the TOPRIM fold (6) .
MATERIALS AND METHODS
The non-redundant (NR) database of protein sequences (National Center for Biotechnology Information, NIH, Bethesda) was searched using the BLASTP program (30) . Iterative database searches were conducted using the PSI-BLAST program with either a single sequence or an alignment used as the query, with the PSSM inclusion expectation (E) value threshold of 0.01 (unless specified otherwise); the searches were iterated until convergence. Hidden Markov models (HMMs) were built from alignments using the hmmbuild program and searches carried out using the hmmsearch program from the HMMer package (31) . For all searches with compositionally biased proteins, the statistical correction for this bias was employed (32) . Identification and statistical evaluation of conserved motifs in multiple protein sequences were performed using the Gibbs sampling method as implemented in the MACAW program (33, 34) . Multiple alignments were constructed using the T_Coffee, MUSCLE and PCMA programs, followed by manual correction based on the PSI-BLAST results (35) (36) (37) . Similarity-based clustering of proteins was carried out using the BLASTCLUST program (ftp://ftp.ncbi.nih.gov/blast/documents/blastclust.html). All large-scale sequence and structure analysis procedures were carried out using the TASS package, which operates similar to the SEALS package (38) .
Protein secondary structure was predicted using a multiple alignment to generate a HMM and PSSM and using this information for the Jpred program to produce a final structural prediction with 76% or greater accuracy (39, 40) . Protein structure manipulations were performed using the Swiss-PDB viewer program and the ribbon diagrams were constructed using the MOLSCRIPT program (41, 42) . For structural comparisons, the DALI/FSSP and VAST programs were used (43) (44) (45) . The studies on clustering based DALI Z-scores have suggested that Z-scores >10 are characteristic of obvious relationships, such as those between two closely related proteins of the same family. Between Z-scores 10 and 6, typically, the relationships correspond to more distant relationships that might be recovered through sequence profile analysis and searches using HMMs. Z-scores <3 fall in the realm of remote structural relationships and require additional analysis, such as comparisons of topologies to make further inference regarding these relationships (43, 44) .
Phylogenetic analysis was carried out using the maximumlikelihood, neighbor-joining and minimum evolution (least squares) methods (46) (47) (48) . Gene neighborhoods were identified by searching the completed genome sequences and whole genome shot-gun sequences with a custom-written script. The current list of completed and shot-gun genomes sequences can be accessed from the genomes division of the Entrez retrieval system (http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db= Genome).
RESULTS AND DISCUSSION
Structural analysis and higher order relationships of the AEP catalytic domain Analysis of the crystal structure of the prim-pol module from Sulfolobus plasmid pRN1 showed that it shares a structural core with the archaeo-eukaryotic replicative primases (25) . This shared core corresponds to two successive structural modules. The N-terminal module contains a (ab) 2 unit for which there is no equivalent structure in the PDB database, while the C-terminal unit contains the previously reported derived version of the RRM-like fold that is also seen in the catalytic palm module of other polymerases (Figure 1 ). These two units define the shared catalytic core of the AEP superfamily and are packed against each other, with the active sites residues lying in the space between the two units. Thus, this shared structure includes at least six conserved strands (two from the N-terminal unit and four from the RRM-like fold) and four helices (two from each unit). Hereinafter, they are referred to as strands 1-6 and helices 1-4 ( Figure 1 ) when the catalytic module of the AEPs is discussed. The RRM-like unit of the AEPs shows some minor deviations from the prototype RRM structure in that helix-4 (equivalent to the second helix of the prototype RRM-like fold) is completely distorted to form a strand in the prim-pols, and strand 6 (the fourth strand of the prototype RRM-like fold) is distorted in some members of the superfamily to acquire a helical character (Figure 1 ). The prim-pols and cellular primases also share a characteristic extended, flange-like structure after core strand 6 that is perpendicular to the plane of the RRM sheet and leads into a hairpin, which packs anti-parallel to strand 3 of the RRM-like unit (Figure 1) .
Three motifs, a hhhDhD motif in strand 3, an sxH motif in strand 5 (where 's' is a small residue) and an h-('-' is an acidic residue) in strand 6, are shared by both the prim-pols and the archaeo-eukaryotic cellular primases, and our analysis (see below) showed that they are strongly conserved across the entire, extended AEP superfamily (Figure 2 ). Site-directed mutagenesis has shown that these residues are essential for catalysis, with the DxD motif being involved in binding a magnesium ion (25, 49) . This suggests that, like in many other polymerases, Mg 2þ is central for the catalytic activity of the AEPs. It has been proposed that the AEP superfamily might be related to the PolX superfamily (50) , which includes nucleotidyl transferases, such as terminal transferase, Poly(A) polymerase and tRNA CCA-adding enzymes (51) . However, a comparison of the available structures of the AEP and PolX superfamilies shows that the PolX superfamily contains a fold unrelated to the RRM-like fold, even though the two superfamilies possess similar sets of acidic metal-chelating residues. Furthermore, the overall arrangement of the catalytic residues in the AEPs shows certain differences from that seen in other polymerases, which possess similar metalchelating motifs. Specifically, in the AEPs, the first aspartate of the DxD motif, the histidine residue in strand 5 and the conserved aspartate in strand 6 are positioned at the same level, within hydrogen-bonding distance, in the central sheet of the RRM (Figure 1 ). This arrangement of a central residue, which is flanked by an acidic and a basic residue, and its strong conservation in all catalytically active members of the AEP superfamily, suggests that during catalysis there is an interaction between these residues. No equivalent of the second highly conserved acidic residue from strand 6 is seen in any of the other polymerases that utilize the canonical di-metal mechanism. This might imply a deviation from the typical di-metal-ion-based nucleotidyltransferase reaction proposed for several DNA and RNA polymerases (52) . Experiments have also suggested that residues in the flange are involved in nucleotide-binding in the archaeal primases (50) . However, there are no conserved residues in the flange, so these associations with the nucleotides might be lineage-specific.
To investigate the higher order relationships of the primpols and the AEPs, we searched the PDB database for similar structures using the DALI program with the AEP (PDB ID: 1g71) as query. This search recovered several hits with significant Z-scores suggesting a genuine structural relationship. The best hits included the prim-pols (Z-score: 5.2), the N-terminal endonuclease domain (of the RCR superfamily) of the Rep protein of adeno-associated virus (AAV) (PDB ID: 1m55, Z-score: 4.1) and, with a less significant Z-score, the origin-binding domain (OBD) of the SV40 T-antigen (PDB ID: 2tbd, Z-score: 3.5). Further DALI searches with the OBD of the SV40 T-antigen retrieved the OBD of the E1 protein of the papillomaviruses (PDB ID: 1f08, Z-score: 7.6) and the RCR nuclease domain of the geminivirus replication initiation protein (PDB ID: 1l2m, Z-score: 5.5). Reciprocal DALI searches with each of these structures consistently recovered a similar group of proteins as best-hits with comparable Zscores. A comparison of the common structural unit shared by the members of the AEP superfamily, the RCREs and the OBDs of papavoviruses showed, not unexpectedly, that it encompassed an RRM-like fold domain. Beyond this basic core, these proteins also shared some unique features, such as, the extended flange that runs perpendicular to the direction of the sheet of the RRM-like fold and a downstream strand that packs anti-parallel to the second strand of the RRM-like core (Figure 1) . To assess the significance of this distinct shared structural feature, we systematically surveyed all proteins with an RRM-like fold in the PDB database (see ferredoxin fold in the SCOP database, http://scop.mrc-lmb. cam.ac.uk/scop/). The C-terminal flange is typically not encountered in other RRM-like fold proteins, with the potential exception of the C-terminal extensions observed in the RRM-like folds of polypyrimidine-tract-binding protein (PTB) (53) and the C-terminal domain of the eukaryotic EF-1g (EF-1gC). PTB is a member of the classic RNA-binding RRM (RBD) superfamily, and the region corresponding to the C-terminal extension is missing in several closely related RBD proteins, such as sex-lethal, HnRNPA1 and splicing factor U1A. Examination of this region in the PTBs suggests that the C-terminal extension resembling the flange and the downstream strand is derived from a poorly conserved low-complexity region in the C-terminus. Thus, this feature of the PTB structure probably emerged late in the evolution of the RBD superfamily, and its specific similarity to the AEPs, RCREs and OBDs is, most likely, coincidental. The restricted phyletic profile of the eukaryote-specific translation factor eEF-1gC and the lack of a close relationship in sequence or structure to any other members of the RRM-like fold make it hard to assess the possibility of its specific relationship with the AEPs, RCREs and OBDs.
In addition to the shared structural features, the AEPs, RCREs and OBDs also have obvious common functional characteristics: members of each of these families are principally involved in DNA replication initiation, albeit in three distinct fashions (54, 55) . Specifically, the OBDs of the papilloma and polyoma viruses bind the origin of DNA replication and recruit additional viral and host components to initiate replication (54, 55) . Similarly, the RCREs introduce a nick at the origin of replication, following which the 5 0 end of the nicked strand is transferred to a tyrosine on the protein and the free 3 0 OH group is elongated by other components of the DNA replication apparatus (4, 5) . Finally, the AEPs are bona fide polymerases involved in the RNA primer synthesis. Hence, we propose that the common structural feature of the RCREs, the OBDs of polyoma and papillomaviruses, and the AEP superfamily is a shared derived character (synapomorphy) that separates them from other polymerases and cyclases with a similar RRM-like scaffold. Together with the above results of structural comparisons, this leads us to conclude that these three protein families evolved from a common ancestral protein that was already involved in initiation of DNA replication. The OBDs and the RCREs have a helix after the flange that leads into the C-terminal strand, whereas the primases and prim-pols have an additional strand that forms a hairpin with this C-terminal strand (Figure 1 ). This suggests that the OBDs are more closely related to or derived from the RCREs (Figure 3) . While several structural studies have noted similarities and proposed a monophyletic origin for the polyoma-, papilloma-viral and OBDs and the geminiviral RCREs, the relationship of these to the AEP superfamily (53, 56) , to our knowledge, has not been elucidated to date.
A structural alignment of the AEPs and the RCREs indicates that, in these two families, a conserved catalytic histidine located in the third strand of the RRM-like unit is congruently positioned (Figure 1) . However, the histidine of the RCREs is directly involved in coordinating a magnesium or zinc ion, whereas the histidine of the AEPs interacts with a conserved aspartate that is involved in coordinating the catalytic divalent magnesium ion (25, 56, 57) . The RCREs additionally have another N-terminal histidine in the third strand, forming the characteristic HXH motif, and a conserved tyrosine downstream of the flange (5,53) (Figure 1 ). In contrast, the primases have the distinct DxD motif in the first strand of the RRM-like unit and a conserved aspartate in the fourth strand (Figure 1) . Thus, it appears that the RCREs and the AEPs evolved from a common ancestor that acted on DNA, with at least one shared active site residue retained in both families. Subsequently, each family acquired a specific constellation of functionally important residues, which was differentially fine-tuned for their distinctive metal ion affinities and activities. While the details of the residues involved in DNA-binding differ in the AEPs, RCREs and OBDs, the general shape of the surface of the molecule that contacts DNA appears to be conserved (25, 54, 58, 59) . Thus, the divergence of these three families from an ancestral DNA-binding RRM-like unit apparently was accompanied by specific innovations in the DNA-binding motifs, whereas the ancestral binding surface remained intact.
Besides the primases, the catalytic domains of the palm-type RRM fold are characteristic of the A, B and Y (DinB) families of DNA polymerases, certain novel predicted DNA polymerases of archaea and bacteria (the MJ1672-like proteins), phage DNA-dependent-RNA polymerases, RNA-dependent RNA polymerases of RNA viruses, reverse transcriptases and nucleotide cyclases (9) (10) (11) (12) (13) (14) (15) . All these proteins seem to share a catalytic mechanism of di-metal-ion-mediated nucleotide transfer, whereby two acidic residues located at the end of the first strand and between the second and third strands of the RRM-like unit, respectively, chelate two divalent cations ( Figure 1 ). The position of the divalent metal and at least one of the acidic residues that in the first strand of the RRM-like unit (the second aspartate in the DxD motif of AEPs), which is involved in coordinating the Mg 2þ , is almost identical between the AEPs and the catalytic palm module of the other polymerases and cyclases (9) (Figure 1 ). This suggests that the catalytic domain of the AEPs and the palm domain of the polymerases and cyclases have a common origin ( Figure 3) . Extrapolating from the activities of the members of this assemblage, it seems plausible that their common ancestor had at least a rudimentary nucleic acid polymerase activity which required an aspartate and a metal ion. In view of this conclusion, the monophyletic relationship between the AEPs, the RCREs and the non-catalytic OBDs (see above) seems somewhat paradoxical, given the lack of polymerase activity in the latter two groups of proteins. The simplest scenario reconciling these findings is that the RCREs and the OBDs were derived from a common ancestor with the AEPs, which was a polymerase, with the RCREs evolving the nuclease activity to displace the polymerase one and the OBDs losing the catalytic activity altogether. Alternatively, it cannot be ruled out that the common ancestor of the AEP-RCR-OBD assemblage and the palm-domain polymerases was merely a nucleic-acidbinding protein which used the conserved acidic residue to coordinate a divalent cation to aid in nucleic-acid-binding. Polymerase activity, then, would have been independently acquired in multiple descendent lineages, while the ancestral RCRE acquired nuclease activity.
Sequence analysis and detection of novel members of the AEP superfamily
Prior to the present study, the AEP superfamily included the replicative primases from archaea, eukaryotes and baculoviruses, the ligase-and Ku-associated DNA repair primases of several bacteria and the prim-pols (21, 22, 25) . We were interested in the phyletic diversity of the prim-pol-like proteins and in detecting putative new, perhaps, divergent members of the AEP superfamily. For this purpose, we performed PSI-BLAST searches using as starting points several known primases and prim-pol proteins; the searches were iterated to convergence. Potential new members of the AEP superfamily that were detected in these searches with statistically significant E-values were used as starting points for transitive PSI-BLAST searches. Other proteins that had a DxD and sxb (b:basic, H/K/R) motif, similar to those in the primases, but were recovered with borderline E-values (E $ 0.05), were also further examined in transitive searches to assess the conservation of these motifs in their orthologs. In these cases, the relationship to the primases was also further evaluated using the Gibbs sampling algorithm for motif detection. For example, iterative searches with the Nanoarchaeum equitans primase NEQ395 (gi: 41615183) retrieved, in addition to previously known AEP superfamily members, the recently reported primase fused to the MCM domain (BC1863) (60) from the Bacillus cereus phage phBC6A51 (first pass, E-value: 3 · 10 À3 ), a primase fused to a reverse transcriptase in Bdellovibrio, Bd2680 (Iteration 2, E-value: 3 · 10
À4
) and a primase from Bacteriophage RM 378 (Rm378p005, Iteration 6, E-value: 4 · 10 À3 ). A PSI-BLAST search with the Sulfolobus pRN1 prim-pol domain (gi: 42543570) as the query retrieved, at significant E-values, AEP domains in proteins from Ferroplasma, the RepE/S proteins from Gram-positive bacteria, and uncharacterized proteins from a wide range of bacteria and phages, including Low-GC Gram-positive bacteria, actinomycetes, Thermus, Deinococcus, cyanobacteria and a few proteobacteria (Iterations 2-7, E-values: 10 À6 -10 À44 ). In many of these proteins, the AEP module was fused to a D5-like Superfamily-III (SFIII) helicase. Transitive searches conducted with the Anabaena protein Avar03005527 containing the AEP module (gi: 45506180), which was detected in the above searches, retrieved the MIMI_L207 protein of the Mimivirus in the first pass of the BLAST search (E-value: $10 À4 ) and the N-terminal domains of D5 helicase proteins from Iridoviruses and African Swine fever virus, and the Tb927.1.4010 protein from Trypanosoma brucei in the second and third iterations (E-value: $10 À4 -10 À11 ). In further iterations of this search, hits to proteins from the vertebrate iridoviruses (Frog Virus 3 D5, Iteration 3, E-value: 10 À20 ) were also obtained. The alignments produced in these searches encompassed regions highly conserved within the AEP domain, including the sxH motif.
Further transitive searches seeded with the N-terminal domain of the D5 protein of iridoviruses, which was found to be homologous to the AEP catalytic module, recovered the Paramecium bursaria Chlorella Virus (PBCV) A468R-like proteins from phycodnaviruses. In turn, PSI-BLAST searches with the PBCV A468R retrieved the N-terminal region of the D5-like proteins from poxviruses, the UL9 helicase-containing protein from ASFV and mimivirus, at least two other proteins of the mimivirus, several uncharacterized eukaryotic proteins (e.g. human FLJ33167), ORF7 and ORF49 from the Ostreid herpesvirus, and ORF63 from the Ictalurid herpesvirus. All these proteins share the DxD and the sxH motif characteristic of the AEP superfamily. Notably, searches initiated with the N-terminal regions of ORF7 and ORF49 of Ostreid herpesvirus also retrieved the primases of vertebrate herspesviruses with borderline E-value. A closer inspection showed that herpesvirus primases contained well-conserved equivalents of the DxD motif and the sxH motif, although the histidine was replaced with an arginine in most of these proteins. The ColE2 Rep primases were also recovered by similar transitive searches. A motif search using the Gibbs sampling algorithm detected two statistically significant 7 amino acid motifs (P 6 10 À9 ) in the N-terminal regions of the D5 proteins of the NCLDV, the herpesviruses primases, AEPs, prim-pols and the ColE2 Rep proteins. These motifs corresponded to a region encompassing strand 3 with the DxD signature (the first strand of the RRM-like unit) and another region corresponding to strand 5 with the sxH signature. In an independent procedure, we constructed a seed alignment of the AEP modules from the proteins detected in our initial searches and derived an HMM from it. This HMM was used to progressively search the viral and cellular proteomes to detect potential new members of the superfamily. All proteins with statistically significant similarity to the HMM were then added to the alignment, a new HMM was constructed and the search resumed. Using this procedure, we recovered nearly the same group of proteins as recovered in the PSI-BLAST searches, thereby supporting the validity of the detected relationships.
To further investigate these relationships, we used similarity-based single-linkage clustering (the BLASTCLUST program) to classify the known and newly detected members of the AEP superfamily. Multiple alignments were constructed for each of the identified groups using the T-coffee program. A nearly complete congruence was seen in the arrangement of the predicted secondary structure elements and catalytic residues in all groups. Taken together, these observations indicate that the N-terminal domain of the D5-like proteins of poxviruses, ASFV, iridoviruses and the mimivirus, the A468R-like proteins of phycodnaviruses, the herpesvirus primases, the eukaryotic homologs of these viral proteins and the plasmid ColE2 Rep proteins were novel members of the AEP superfamily. The individually aligned clusters were further unified into a super-alignment using as anchors the conserved motifs and secondary structure elements derived from the structural alignment of the prim-pol and primases. The alignment was further refined using the GIBBS sampling search and the PSI-BLAST search results. All members of the extended AEP superfamily contained the structural core consisting of the N-terminal (ab) 2 unit and the RRM-like unit and bearing the active site residues (see above), with the characteristic Figure 2 . Multiple sequence alignment of the AEP superfamily. Proteins are designated by their gene names, species abbreviations and GenBank IDs separated by underscores. Columns of amino acids are colored based on their side chain properties and conservation in the alignment; 70% conservation was used to calculate the consensus. Poorly conserved, large inserts are replaced by the corresponding number of residues. The secondary structure shown above the alignment was derived from the crystal structures of the archaeal primase (PDB ID: 1g71) and the primpol protein (PDB ID: 1rni). Strands and helices are denoted above the alignment by E and H, respectively. The coloring scheme and consensus abbreviations are as follows: h, hydrophobic residues (ACFILMVWY), shaded yellow; b, big residues (LIYERFQKMW), shaded gray; s, small residues (AGSVCDN) and u, tiny residues (GAS), colored green; p, polar residues (STEDKRNQHC); þ, basic residues (HRK) and -, acidic residues (DE), colored magenta. Species abbreviations are as follows: AMV: Amsacta moorei entomopoxvirus; APMV: Acanthamoeba polyphaga mimivirus; ASFV: African swine fever virus; Aamb: Acidianus ambivalens; AcNPV: Autographa californica nucleopolyhedrovirus; Aful: Archaeoglobus fulgidus; Amel: Apis mellifera; Ana: Nostoc sp.; Aper: Aeropyrum pernix; AsGV: Agrotis segetum granulovirus; Atha: Arabidopsis thaliana; Avar: Anabaena variabilis; BHV4: Bovine herpesvirus 4; BP315.5: Streptococcus pyogenes phage 315.5; BPA2: Lactobacillus casei bacteriophage A2; BPAPSE-1: Acyrthosiphon pisum bacteriophage APSE-1; BPAT3: Bacteriophage phi AT3; BPBCJA1c: Bacillus clarkii bacteriophage BCJA1c; BPBIP-1: Bordetella phage BIP-1; BPBcep1: Burkholderia cenocepacia phage Bcep1; BPBcepC6B: Burkholderia cepacia complex phage BcepC6B; BPBcepNazgul: Burkholderia cepacia phage BcepNazgul; BPN15: Bacteriophage N15; BPP4: Bacteriophage P4; BPSA: Bacteriophage PSA; BPSFi18: Streptococcus thermophilus bacteriophage SFi18; BPSfi11: Streptococcus thermophilus bacteriophage Sfi11; BPSfi21: Streptococcus thermophilus bacteriophage Sfi21; BPTM4: Mycobacteriophage TM4; BPVP16T: Vibrio parahaemolyticus phage VP16T; BPVP2: Vibriophage VP2; BPadh: Lactobacillus bacteriophage phi adh; BPmi7-9: Lactococcus phage mi7-9; BPphi-BT1: Bacteriophage phi-BT1; BPphi-R73: Bacteriophage phi-R73; BPphi105: Bacteriophage phi-105; BPphi31: Lactococcus bacteriophage phi31; BPphiHSIC: Listonella pelagia phage phiHSIC; BPphig1e: Bacteriophage phig1e; Bbac: Bdellovibrio bacteriovorus; Bbro: Bordetella bronchiseptica; C-terminal extension forming the flange and the distal strand (Figure 2 ). Residues that were consistently conserved across all the families included a hhhDhD (h: hydrophobic), motif in strand 3, an sss (s: small) motif at the end of strand 4, a uhþhhh motif (þ: basic residue, mostly histidine but an arginine or lysine in some families; for details see below) in strand 5, a hmotif (-: acidic, mostly aspartate) in strand 6 (which can sometimes adopt a helical configuration) and a polar residue in the second strand of the terminal hairpin (Figure 2 ).
Evolutionary classification of the AEP superfamily
To identify the major clades within the AEP superfamily, the multiple alignment (Figure 2 ) was examined for distinct sequence signatures characteristic of subsets of the superfamily members. Single linkage clustering using BLAST-scores with the BLASTCLUST program was employed to identify sub-groups and probable orthologous lineages. Finally, at the level of high sequence similarity, such as within an orthologous group or a tight cluster of paralogs, conventional phylogenetic tree analysis using maximum-likelihood, neighbor-joining and minimum evolution methods was performed to unravel the evolutionary history of each such group. In the case of fast-evolving proteins of viruses and extrachromosomal elements, contextual information from domain architectures was also used as a phylogenetic marker. Using these approaches, the AEP superfamily was classified into 13 major families, of which 12 could be further grouped into three higher-order clades (Figure 3 ).
The AEP proper clade. This major clade includes three families, namely, the classical AEP small subunits, the Lef-1 like primases of baculoviruses and the bacterial NHEJ primases associated with the Ku protein and the ATP-dependent ligases, and is unified by several synapomorphies (Table 1 and Figure 2 ). Recent genome sequencing projects added several new members to this family. These include the B.cereus phage phBC6A51 protein BC1863, the Bdellovibrio protein Bd2680 and the RB12213 protein from Rhodopirellula. These proteins are closer in sequence to the archaeal versions of the AEP superfamily, but are not specifically related to a representative from any one archaeal species. BC1863 is fused to an MCM domain (60) and the gene for RB12213 is adjacent to the dnaB gene of Rhodopirellula (Figure 4 ). An MCM gene is also found next to the primase gene (MJECS07) of the small extrachromosomal element of Methanocaldococcus jannaschii (Figure 4 ). This pattern is characteristic of the diverse primase-helicase associations seen in other plasmids and phages (see below) ( Figure 4) . The Bdellovibrio Bd2680 Asparagine residue in strand 2, basic residue at the end of strand 6, basic residue in the first strand of the C-terminal hairpin Bradyrhizobium bll5242-like family Bradyrhizobium, Rhodobacter, Desulfotalea, Burkholderia cepacia phages Bcep43, Bcep1 and Bcep781
Basic residue between strand 1 and helix-2, threonine N-terminal to strand 2, Proline N-terminal to helix-3. Strand with a Gah (a: aromatic, h: hydrophobic) motif between helix-4 and strand 6 ColE2 Rep-like family Proteobacteria, Actinomycetes and Thermus Proline after helix-1, oss motif (o: serine or threonine, s: small mostly aspartate or asparagine) in strand 1, Ps (s: small, mostly asparagine) motif in strand 4, lysine in the flange, HxW motif in the first strand of the hairpin. Fused to Pri-CT1 and HTH domains at the C-terminus RepE/RepS family Conjugative plasmids pXO2 of Bacillus anthracis and E.faecalis RE25, pTS1 plasmid of Treponema denticola, plasmids from Low-GC Gram-positive bacteria and cyanobacteria
Fused to a wHTH at the C-terminus
Families not associated with any particular clade BT4734-like family Bacteroides Basic residue in helix-1, lysine instead of the conserved histidine in strand 5, conserved aspartate in the terminal strand of the hairpin primase is fused to a reverse transcriptase and might be involved in synthesizing a primer for the latter (Figure 4) . The classical AEP family is generally uncharacteristic of bacteria. The few members of this family that are encoded on bacterial chromosomes are likely to be relatively late transfers from phage or plasmid replicons. All archaeal and eukaryotic members of the AEP small subunit family and the baculoviral Lef-1 family appear to form a functional complex with the respective orthologs of the eukaryotic primase large subunit (yeast Pri2p and baculovirus Lef-2 protein) (61) (62) (63) (64) . Notably, in N.equitans and BC1863, the AEP is fused to the ortholog of the large subunit ( Figure 4 ). While at least one ortholog of the large subunit is present in archaeal, eukaryotic, phBC6A51 and baculoviral genomes, no homologs of the large subunit were detected in the other bacterial, plasmid and phage replicons, suggesting that these small-subunit homologs might function independently of the large subunit.
We also detected several previously unnoticed members of the bacterial NHEJ primase family scattered among proteobacteria, actinomycetes, Parachlamydia and several Low-GC Gram-positive bacteria ( Table 1) . As described previously, most of the bacterial NHEJ primases are fused to a DNA ligase and a predicted nuclease located N-terminally to the primase domain (21, 22) (Figure 4 ). Solo versions are typically encoded in the same neighborhood with genes for DNA ligases and Ku homologs (22, 23) (Figure 4) . The patchy phyletic pattern of this system, with highly conserved representatives present in various, phylogenetically distant bacteria, strongly suggests that they disseminated via horizontal gene transfer. This is reminiscent of some other DNA repair operons that have widely disseminated among prokaryotes (15,22,65,66 ). Prim-pol-like clade. This clade includes proteins from a wide range of bacteria, bacteriophages, plasmids and a few archaea (Table 1 and Figure 2 ). With the exception of two families, proteins in this clade also have one of two distantly related Cterminal a-helical modules which we designate the Primase-C Terminal-1 (PriCT-1) and Primase-C Terminal-2 (PriCT-2) domains ( Figure 4) . Based on the presence of conserved residues, domain architecture and genome contexts, seven distinct families are discernible in this clade, which include the primpol proper family, the Z1568-like family, the D.radiodurans DR0530-like family, the Anabaena all3500-like family, the Bradyrhizobium bll5242-like family, the ColE2 Rep-like family and the RepE/RepS family ( Figure 3) . The Prim-pol proper family typified by the primase-DNA polymerase domain of the crenarchaeal RepA-like proteins is found only in prokaryotes and their viruses (Table 1 and Figure 2 ). The presence of these proteins in several phages suggests that the extensive, sporadic dissemination in bacteria was mediated by lysogenic phages and plasmids. In Streptomyces and Clostridium thermocellum, there is a lineagespecific expansion of solo prim-pols with $8-13 members. Interestingly, in six members of this family in Streptomyces and the Tfus020011 protein of Thermobifida, the second asparate of the DxD motif is mutated and, in the Streptomyces members, the conserved histidine in strand 5 is mutated as well, suggesting that these proteins are inactive primase derivatives ( Figure 2 ). Such abundance of apparently inactive versions is reminiscent of inactivated transposases that are often encountered in several multicopy transposons from various genomes (67) . One may speculate that these AEP expansions in Streptomyces and Clostridium represent a novel class of DNA transposons. The prim-pols might function as primases and, possibly, also as DNA polymerases during replicative transposition of these putative novel mobile elements. The presence of apparently inactivated version of the prim-pol domain in some of these putative transposons suggests that the primase activity could be supplied in trans by the active versions. Experimental study of this system would be of considerable value because it might uncover a novel mode of transposon propagation.
The Z1568-like family is sporadically found in bacteria and their plasmids (Table 1 and Figure 2 ). The proteins of this family typically contain a PriCT-1 domain immediately Cterminal to the AEP module (Figure 4) . Members of this family in e-proteobacteria and cyanobacterial plasmids have a conserved glutamate in place of the aspartate in strand 6. The e-proteobacterial versions also have an asparagine residue replacing the second aspartate in the DxD motif (Figure 2) . D.radiodurans DR0530-like family is sporadically distributed in prokaryotes (Table 1) ; members of this family lack the conserved histidine in strand 5 and instead have a polar (often, basic) residue (Figure 2 ). They have a conserved glutamate instead of the aspartate residue in strand 6 and share an HP motif in the first strand of the terminal hairpin. Most members of this family (with the exception of the Picrophilus PTO0356 protein) are fused to a PriCT-2-like domain. The small Anabaena all3500-like family contains members showing fusions to both PriCT-1 and PriCT-2 domains (Table 1) (Figures 2 and 4) . In some versions, such as the SPy0671-like protein of Streptococcus pyogenes and the Bacillus clarkii bacteriophage BCJA1c, the PriCT-2 domain is atypically present N-terminal to the AEP module (Figure 4) . The Bradyrhizobium bll5242-like family is another small group with a restricted phyletic pattern in bacteria and phages (Table 1 and Figure 2) .
Members of the ColE2 Rep family include primases of ColE2 family plasmids that are mainly present in proteobacteria, a few actinobacteria and Thermus (Table 1 and Figure 2 ). They are characterized by a fusion to a helixturn-helix (HTH) domain to the C-terminus of the PriCT-1 domain, which is essential for origin-binding (68) (Figure 3) . It has been shown that Rep proteins are involved in the synthesis of a 3 nt RNA primer during the initiation of plasmid replication (28, 29) .
Proteins of the RepE/RepS primase family (Table 1 and Figure 2 ) are fused to a winged HTH domain, which flanks the C-terminus of the primases (Figure 4) . The domain architectures and gene neighborhoods (see below and Figure 4 ) of these AEPs suggest that they might be distantly related to the Rep family of the ColE2 plasmids, although they share very few sequence features of the prim-pol clade.
The NCLDV-herpesvirus primase clade. Members of this clade include predicted primases detected in the NCLDV, herpesviruses, kinetoplastids and a novel eukaryotic subfamily exemplified by the human protein FLJ33167 (hereinafter we refer to these proteins as the Eukprim2 for Eukaryotic primase, version 2). The synapomorphies of this clade include two strongly conserved residues, a glutamate [present as an Exb (b: big, mostly hydrophobic) motif] in strand 2 and a lysine in the turn between strands 4 and 5, a hydrophobic residue before helix-3 and a polar residue at the end of strand 4 ( Figure 2) . Superposition of these conserved residues onto the available structures of the AEP superfamily proteins suggests that the conserved lysine and glutamate are positioned close to the active site and might have a role in substrate interaction, such as binding the nucleotide backbone. Based on the domain architectures, this clade can be further classified into two families, the iridovirus primase family and the herpes-pox primase family.
The iridovirus primase family is characterized by a Cterminal fusion of the primase domain to the a-helical PriCT-2 domain (Figure 4) . Members of the family include the D5-like proteins from iridoviruses and ASFV (C962R), the mimivirus MIMI_L207 protein and the Leishmania L7836.04-like protein from the kinetoplastids. In addition to the PriCT-2 domain, the iridovirus and ASFV proteins are fused to D5N and D5 helicase domains. The mimivirus MIMI_L207 is a neighbor of the D5-like helicase in the genome, which implies a functional association. The kinetoplastid L7836.04-like proteins, while closely related to other members of this family, lack the characteristic, conserved glutamate in strand 2, although they retain the conserved lysine between strands 4 and 5 ( Figure 2) . This is the second putative primase of the kinetoplastids, in addition to the typical eukaryotic primase.
The Herpes-pox primase family is characterized by the presence of a conserved C-terminal b-strand-rich region in place of the PriCT domains (Figure 4) . In most proteins of this family, this region has three conserved cysteines and a histidine, and its secondary structure pattern resembles a highly derived Zn-ribbon ( Figure 5 ). Members of this family include the A468R-like proteins from phycodnaviruses, the N-terminal region of the poxvirus D5 proteins, F1055L from ASFV, the mimivirus proteins MIMI_R8, MIMI_L537 and MIMI_L794, the herpesvirus primases and the eukaryotic Eukprim2 proteins. Several members of this family also show fusions and associations with different ATPases (Figure 4) . The poxvirus N-terminal primase domains are fused to a D5 helicase of SFIII (separated by the D5N domain), whereas the ASFV F1055L, the mimivirus MIMI_R8 and the Ostreid herpesvirus primases, ORF7 and ORF49, are fused to a UL9-like helicase of SFII (Figure 4) . Similarly, the third AEP encoded by the Ostreid herpesvirus, ORF66, is adjacent to a gene encoding a UL9-like helicase (ORF67). These fusion proteins with the AEPs and UL9-like helicases in the NCLDV and herpesviruses are closely related and suggest gene exchange between these two clades of large DNA viruses. The vertebrate herpesvirus primases of this family (UL52/70) are characterized by a replacement of the conserved histidine in strand 5 by an arginine (Figure 2 ). This substitution is also seen in the divergent gene 63 product of the fish (Ictalurid) herpesviruses. In contrast, the primases of the herpesviruses of the bivalves, the Ostreid herpesvirus ORF7, ORF49 and ORF66, show a typical sxH signature in strand 5 ( Figure 2) . Moreover, the Ostreid herpesvirus proteins lack several inserts shared by the vertebrate herpesviruses (see below), suggesting that these inserts and the substitution of the conserved histidine to arginine occurred after the radiation of vertebrate herpesviruses from the common ancestor with the mollusk herpesviruses. Apparently, the vertebrate herpesvirus primases evolved rapidly after this divergence. Alternatively, the primase of the Ostreid Herpesvirus might have been displaced by a version from the NCLDVs or the cellular Eukprim2.
The Eukprim2 proteins are present in vertebrates, Ciona intestinalis, Apis mellifera (honey bee), plants, apicomplexans and the slime mold Dictyostelium. The apicomplexan versions are closely related to plant ones (Figure 2 ), suggesting that they were acquired from the algal endosymbiont of the apicomplexan ancestor. This unusual distribution of Eukprim2 suggests that the gene for this protein was acquired early in the evolution of the eukaryotic crown group, lost independently on multiple occasions in the fungi and animals, such as Caenorhabditis elegans and Drosophila. The Eukprim2 is not closely related to the principal eukaryotic primases (the AEP small subunit family discussed above). Together with the observation that the maximum diversity of the AEPs is seen in viruses and other mobile elements, this suggests that Eukprim2 was acquired from a viral or plasmid source by an early eukaryote.
The ultimate origin of the NCLDV-herpesvirus primase clade, which is restricted in its distribution to eukaryotes and their viruses, probably, can be traced to bacteriophages or bacterial proteins that have a PriCT-2 domain fused to the AEP core. An ancestral version of this AEP present in an ancient, large eukaryotic DNA virus acquired the cladespecific glutamate and arginine residues. This was, in all likelihood, the precursor of the version that propagated in the NCLDV and herpesvirus genomes, although the details of the exchanges of the AEP and associated domains between these two large groups of DNA viruses remain obscure. The greater diversity of the domain in the NCLDVs suggests that herpesviruses might have acquired their extant primase from a member of the NCLDV class. This scenario further implies that the PriCT-2 domain was displaced by a b-strand-rich domain containing a cysteine cluster in the Herpes-pox primase family. The Eukprim2 and the kinetoplastid L7836.04-like proteins, which show a scattered distribution among eukaryotic lineages, were probably acquired from viral sources on two occasions independently. No role for this protein has been reported in any of the well-studied eukaryotic Figure 5 . Multiple alignment of the zinc ribbon-like domain located C-terminal to the AEP domain in poxvirus and herpesvirus primases and the Eukprim2 family. The coloring scheme, consensus abbreviations, secondary structure representations and species abbreviations are as in Figure 2 . The residues predicted to be involved in metal binding are shaded red. Poorly conserved short inserts seen in some sequences are shown with a reduced font size.
replication initiation systems. The patchy phyletic profile of these proteins (Table 1) is in contrast to the core components of the replication apparatus (18) and argues against an indispensable role in replication. It seems more likely that these proteins function as primases in a novel DNA repair pathway and/or in specialized DNA amplification systems in specific cell types. The presence of multiple primases in the mimivirus and ASFV is intriguing (Table 1) . Given their large genomes, the NCLDV might have greater selective pressures for DNA repair than smaller DNA viruses. Furthermore, since most of the NCLDVs replicate in the cytoplasm or in independent compartments, they might not have ready access to cellular DNA repair enzymes. Hence, they might deploy distinct primases for the initiation of DNA synthesis during replication and repair. It is also possible that these viruses have multiple replication origins, which are initiated by different primases or that their leading and lagging strands are initiated by distinct primases.
Members of the Bacteroides specific BT4734-like family do not have any sequence specific features to warrant their inclusion in any one of the above families (Table 1, Figure 2 ). At least 5 members of a total of 11 detected in Bacteroides thetaiotaomicron are potentially inactive suggesting that, similar to the members of the prim-pol family discussed above, these proteins might belong to a novel type of transposon. Of the 11 proteins of this family in B.thetaiotaomicron, at least 5 are fused to a D5-like helicase and the remaining six are either fused to or in the neighborhood of a T1p09-like Superfamily III helicase. Some versions of the latter variety are also fused to a PriCT-1 domain.
Domain architectures of proteins containing the AEP domain
The domain architectures and conserved gene neighborhoods of the AEPs throw considerable light on the diverse functional associations of these proteins in replication systems. While the domain architectures of cellular proteins of this superfamily are rather stereotypical, the architectures observed in viruses and extrachromosomal elements show considerable diversity (69) . We depicted these associations as an ordered graph with domains forming the nodes of the graph and the architectural or gene-neighborhood connections forming the edges (Figure 4) . The most striking contextual theme that emerged from this analysis was the association of members of the AEP superfamily with diverse ATPases of the P-loop NTPase fold. In particular, AEPs are fused to three distinct groups of AAAþ ATPases: (i) the D5-like SFIII helicases of the NCLDVs and other viruses (70, 71) , (ii) the phage T1 T1p09-like highly derived SFIII helicases and (iii) the MCM family of AAAþ ATPase in the BC1863 protein of the B.cereus phage phBC6A51 (60, 70) . Analogous to eukaryotic and archaeal cells, the phage MCM ATPase is likely to function as the principal helicase in the initiation of replication (60, 72) . The AEPs are also fused to members of a subfamily of phage DnaB helicases, which belong to the RecA ATPase class (73) , and two distinct groups of superfamily II helicases, the UL9 and A18R/Rad25-like helicases (Figure 4) . Helicases of the RecA and AAAþ superfamilies typically form hexameric rings around the DNA and are known as ring helicases, whereas the UL9 and A18R/Rad25-like SFII helicases do not form rings (66, 74, 75) . Hence, the AEPs appear to be able to function in conjunction with both types of helicases that have substantially different mechanisms of DNA unwinding.
With the exception of the AEP proper clade, in all other families of the AEP superfamily, the most common fusion of the primase domain is with D5-like SFIII helicases. This suggests that the D5-like helicases were the original functional partners of the AEPs, other than those of the AEP proper clade. However, in most of these families, there are at least a few representatives with fusions to other helicases (Figure 4) . For example, the T1p09-like highly derived SFIII helicases are fused to the AEPs in some members of the prim-pol proper, DR0530-like, all3500-like and BT4734 families. The DnaB/ RecA-like ATPases are fused to AEPs of the prim-pol proper family in the mycobacteriophage rosebush gp54-like proteins, and in the SPOA0086 protein from Silicibacter, to the DR0530-like family in RPA4546 protein from Rhodopseudomonas, and to the all3500-like family in SPy0671 in Streptococcus pyogenes and the Bacillus clarkii bacteriophage BCJA1c. The UL9-like SFII helicases are fused to AEPs of the DR0530-like family (in cyanobacterial plasmid pUH4; gi: 247792) and in members of the Herpes-pox primase family. Furthermore, in different members of the Bradyrhizobium bll5242-like family, the AEP is associated with distinct versions of the D5-like ATPases, which are only distantly related to each other. This diversity of domain fusions suggests that there have been several independent associations between helicases and AEPs, which appear to have evolved via displacement of one type of helicase by another in viral and plasmid genomes.
Interestingly, analysis of the domain architectures of multidomain proteins containing the TOPRIM primase domain also revealed fusions to D5-like, DnaB-like and UL9-like helicases, which are closely related to the helicases associated with the AEPs (Figure 4 ). In particular, in the gp37 protein of phage N15, the TOPRIM primase is fused to a UL9 helicase, whereas in the Bcep02006798 protein of the bacterium Burkholderia fungorum, it is fused to a C-terminal D5-like helicase. These combinations of unrelated primases with the same repertoire of helicases suggest that the primases of the AEP and TOPRIM superfamilies are functionally equivalent or at least highly similar. These independently derived analogous architectures also suggest a strong mechanistic coupling of the earliest stages of DNA synthesis, such as, unwinding of the double-stranded template at the initiation site and primer synthesis. Thus, in the genomes of extra-chromosomal elements and phages, a remarkably diverse array of combinations of the enzymes catalyzing these two steps had been explored during evolution. In many cases, the D5-like ATPase domain is preceded by another conserved globular domain, the D5 Nterminal (D5N) domain. The D5N domain is also found as a solo protein encoded by genes in the vicinity of those coding for D5-like helicases (e.g. SpyM3_1340 from Streptococcus phage 315.5). This domain is predicted to adopt an aþb fold and is characterized by the presence of conserved aromatic residues (mostly tryptophan) in strands 2 and 3, and a Ghhpxp (p polar, the first polar residue is, mostly, an aspartate or asparagine) motif in strand 4 ( Figure 6 ). The role of the D5N domain remains unclear, but its strict association with the D5-like proteins suggests that it might be specifically involved in some aspect of substrate recognition by these helicases, which function with either AEP or TOPRIM-fold primases.
In addition to the helicases, AEPs as well as the TOPRIM domain primases form associations with several non-catalytic domains. Perhaps, the most notable of these are the PriCT-1 and PriCT-2 domains, which are typically fused to the Cterminus of the AEP domain of the prim-pol, the BT4734-like family or NCLDV-herpesvirus primases (Figure 4) . The PriCT-1 domain was also detected as a stand-alone protein, e.g. Chte02003491 of Clostridium thermocellum, and the PriCT-2 domain is also found as an N-terminal fusion to the TOPRIM domain, e.g. in the Bcep02006798 protein of B.fungorum (Figure 4) . The two domains seem to be distantly related as iterative database searches starting from the PriCT-1 domain sequences recover the PriCT-2 domains, albeit with relatively high E-values (data not shown). This is supported by the nearly identical secondary structure predictions for the PriCT-1 and PriCT-2, which indicate a core of four conserved helices ( Figure 7 ). The two domains share several conserved hydrophobic residues in the helices across the alignment. The members of the Herpes-pox primase family from various NCLDVs and herpesviruses contain a Zn ribbon-like domain in place of the PriCT domains ( Figure 5 ). Experiments in herpesvirus UL52 have shown that mutations in this Znchelating domain severely compromise DNA-binding and primase activity, suggesting that this domain is involved in the recognition of initiation sites (76) .
Some members of the all3500-like family contain a primase-type Zn-finger fused with the AEP domain, which resembles the architecture of the bacterial DnaG primases (Figure 4 ). In the latter, the Zn-finger targets the catalytic TOPRIM domain to the primer initiation sites (77, 78) , and, most likely, it performs the same function in association with the AEP domain. In particular, these domains might help in specific cis interaction of the primases with the replication initiation sites of their cognate replicons. The congruence of these architectures further supports the functional equivalence of the TOPRIM and AEP superfamily primases and suggests that these primase domains might have repeatedly displaced each other in various replication systems, particularly, those of extra-chromosomal elements, while associating with the same set of DNA-binding domains. Given the domain architectures in which the TOPRIM and the AEP primases occupy equivalent positions in the same polypeptide with respect to the other domains (Figure 4) , it even seems likely that some of these displacements occurred in situ, within the same gene.
Members of the AEP proper clade show fusions to neither PriCT domains nor the b-strand-rich Zn-chelating C-terminal domain. However, in the BC1863 protein of the B.cereus bacteriophage phBC6A51 and in the AEP of the archaeon N.equitans (NEQ395), a region homologous to the large subunit of the cellular primases and baculovirus Lef-2 is fused to the C-terminus of the AEP domain. This consists of two distinct, conserved domains (Figure 8 ). The N-terminal domain is largely alpha-helical and culminates in the first conserved cysteine (Figure 8 ). The C-terminal domain, which is predicted to have two conserved helices and two strands, contains three conserved cysteine residues. These four cysteine residues are probably involved in coordinating a metal ion (Figure 8 ). The Lef-2 proteins of the baculoviruses contain another potential a-helical Zn-cluster with four conserved cysteines between the N-and C-terminal domains. All the other members of the primase large subunit family contain an unrelated a-helical region between the conserved N-and Cterminal domains (Figure 8 ). In BC1863 and NEQ395, the large-subunit module effectively occupies a position equivalent to that of a PriCT or Zn-chelating domains in other AEPs (Figure 4) . These associations and the absence of other conserved C-terminal domains in members of the AEPproper clade, which physically associate with the primase large subunit, suggest that the large subunit, PriCT domains and the b-strand-rich Zn-chelating domain of the Herpes-pox primase family have similar functions, perhaps facilitating the association of the AEP domain with DNA.
In addition to the Zn-binding domains that are fused to the AEP domains, we detected several lineage-specific Zn-clusters with characteristic patterns of cysteines and histidines, which are inserted within the AEP domain (Figure 1 ). These include:
(i) A Zn-cluster with three cysteines and a histidine between strand 1 and helix-2 in a subset of members of the prim-pol family from Magnetospirillum and Streptomyces; (ii) A cysteine cluster with four conserved cysteines, occurring in the same position as the previous insert, in members of the Z1568-like family, which are distinguished by a fusion to A18R-like helicases; (iii) A small cysteine cluster with 3-4 conserved cysteines located immediately downstream of the DxD motif in the archaeal primases; (iv) A cysteine cluster with at least three conserved cysteines in the loop between strands 4 and 5, preceding the conserved motif-II in tetrapod herpesviruses; (v) A predicted Zn-ribbon in the terminal hairpin after the flange in the ESV ORF45 protein and its ortholog in Feldmania irregularis virus A; (vi) A small Zn-cluster with a histidine and three cysteines in the prim-pols of the Sulfolobus pRN-like plasmids, which occurs in the same position as the previous insert ( Figure 1 ).
While insertions of Zn-ribbons and Zn-clusters are occasionally found in other protein domains involved in nucleic acid metabolism, the multiple, independent insertion in different positions within the same fold is an intriguing feature that is unique to the AEP superfamily. Superposition of the locations of these inserts on the structural scaffold provided by the two primase structures shows that most of the inserts are located in loops and are likely to be on the surface of the molecule ( Figure 1 ). This suggests that the chelated Zn ions are used to stabilize particular, extended, surface-exposed loops in the AEP domain. These loops might have been recruited for recognizing specific template structures at the primer initiation sites. More specifically, there might be a selective pressure on the primases due to competing replicons to efficiently recognize cis primer initiation sites that are specific to the cognate replicon, and this recognition could be mediated by the Zn-clusters.
Conserved gene neighborhoods (predicted operons) associated with the AEP superfamily
It has been convincingly demonstrated that strongly conserved gene neighborhoods typically reflect physical interaction between the encoded proteins and/or consecutive functions in a biochemical pathway (79) (80) (81) . Accordingly, analysis of gene neighborhoods throws light on the functional context of a particular gene. Certain highly characteristic mobile operons containing the AEPs of the NHEJ family have also been described previously and the predictions made on the basis of the conserved gene neighborhoods have been experimentally verified (22, 23) (Figure 4 ). Not surprisingly, the most common conserved gene neighborhoods of the AEP superfamily involve co-occurrence with genes for the above-mentioned families of helicases and genes encoding solo versions of AEP-associated domains, such as the PriCT domains. In addition, members of the AEP superfamily were detected in conserved gene neighborhoods with genes for the singlestrand-binding (SSB) protein, DNA polymerase I, PCNA, DNA polymerases of the B family and the ParA-like proteins ( Figure 4 ). For example, the gene for the AEP protein VP2p27 of Vibriophages forms a potential operon with DNA polymerase I and SSB genes ( Figure 4) . Similarly, the Clostridium thermocellum pol-prim Chte02000285 is found in a potential operon with genes encoding a family B DNA polymerase ( Figure 4 ). The primases of the plasmid-borne ColE2 Rep and RepE/S families show associations with genes for ParA-like ATPases of the MinD family and TnpR-like resolvases (Figure 4) . The MinD ATPase prevents aberrant formation of the septum near the poles of the cell (82) . Hence, the plasmid-borne ParA protein might cooperate with the AEP and the TnpR-like resolvase in coupling the partitioning of these plasmids with DNA replication and chromosome resolution. In Methanosarcina, Methanococcoides and crenarchaea, the AEPs are lodged in the ribosomal superoperon (80) and are usually encoded next to the ribosomal proteins L44, S27 and the translation initiation factor eIF2 (Figure 4) , along with the DNA replication clamp PCNA; functional implications of this association are unclear beyond the possibility of a general, higher-order regulation of essential housekeeping processes. This gene neighborhood might be an atavistic feature in which the primase remains associated with the original core replicon of primordial cells. The AEPs of the prim-pol proper family encoded by Low-GC Gram-positive bacteria and their plasmids and bacteriophages (e.g. Streptococcus thermophilus bacteriophage Sfi21) are encoded in a conserved gene neighborhood with an SFII helicase (in addition to the D5-like helicase) and a small, uncharacterized aþb protein (Sfi21-ORF124) (Figure 4 ). This protein and several of its orthologs in the Grampositive phages contain a C-terminal region with high sequence similarity to the characteristic tail motif, which occurs C-terminal to the OB-fold in bacterial SSBs ( Figure 9 ). It has been shown that this C-terminal tail, which is enriched in acidic residues, interacts with components of DNA repair and replication machinery, such as Exonuclease I, DNA glycosylase, the PriA helicase and the k subunit of DNA pol III (83) (84) (85) (86) . Several residues are conserved across the Sfi21-ORF124 family; of particular note are a conserved aspartate preceding helix-1, a glutamate in strand 1 and two acidic residues after strand 4. The conservation of these acidic residues suggests the presence of a potential metalcoordination site (Figure 9 ). The predicted secondary structure of Sfi21-ORF124-like proteins includes a conserved core with three of the strands arranged sequentially and flanked by two helices (Figure 9 ). This secondary structure pattern resembles that of the RAD52-like proteins, which have a dsRNA-binding domain fold, with a core of three strands flanked by two helices (Figure 9 ) (87) . Previous analyses have shown that members of the RAD52 superfamily of ssDNA-binding proteins can be extremely divergent in sequence and show functional equivalence to SSB in viral operons (65) . Hence, these observations suggest that members of the Sfi21-ORF124 family are novel SSB proteins with a RAD52-like fold. These proteins are likely to function in conjunction with the phage-encoded AEPs by binding the ssDNA template at the primer initiation sites.
Implications for the origins of DNA replication
The present analysis of the AEP superfamily, its evolutionary diversification and functional interactions in various cellular, viral, transposon and plasmid replication systems, and the apparent operational equivalence with the TOPRIM superfamily primases has substantial implications for the origins of DNA replication. In mechanistic terms, the monophyly of the AEP-superfamily and the RCREs is a remarkable parallel to the evolutionary history of the unrelated TOPRIM primases (6, 21, 88) . In both cases, the primase is evolutionarily and structurally related to enzymes cleaving a DNA strand, specifically, nucleases that transfer the 5 0 end of the cleaved DNA to an internal tyrosine residue in the protein (RCREs and topoisomerases, respectively) (4, 89) . Both the primase activity and the RCRE-/Topoisomerase-like nuclease activity, at a fundamental level, are two different solutions to the priming problem encountered by DNA polymerases. Thus, it seems plausible that, in both cases, the ancestral protein was involved in priming in a more generic fashion, whereas the descendent proteins evolved distinct, specific activities. One possibility is that the active tyrosine might have originally provided a hydroxyl group for protein priming, and subsequently, a more complex, polymerase or nuclease, activity was acquired by the priming proteins. In light of this suggestion, the OBDs of papovaviruses might be an offshoot from such an ancestor where only the origin-binding function was retained without any catalytic activity. The increase of the genome size apparently favored the primase mechanism, as opposed to the RCR mechanism; accordingly, the RCREs have been, largely, excluded from the genomes of cellular life forms. However, the topoisomerases, mainly drawn from the TOPRIM superfamily, despite catalyzing reactions similar to those catalyzed by the RCREs, were recruited for entirely different functions, such as, control of DNA superstructure, which is critical for large genomes. The prim-pol proteins have been proposed to comprise evolutionary intermediates that acted as both primases and DNA polymerases (25) . Given that even the cellular AEPs have a similar DNA polymerase activity (49) , this proposal appears plausible. However, if this were the case, dedicated DNA polymerases clearly displaced the primases at an early stage of evolution of larger replicons.
At a more basic level, the need for primers in DNA synthesis remains a largely unresolved problem. Almost all DNA polymerases, with extremely rare exceptions like the Mauriceville plasmid reverse transcriptase (90) , require a primer for DNA synthesis. This requirement is seen across all classes of DNA polymerases that are unrelated or only distantly related to each other. In contrast, most known RNA polymerases, including unrelated ones, do not seem to require priming. DNA polymerases evolved many different solutions to the priming problem rather than acquiring a primer-independent initiation Figure 9 . Multiple alignment of the putative RAD52-like domains encoded in the same predicted operons with prim-pols. The coloring scheme, consensus abbreviations, secondary structure representation and species abbreviations are as in Figure 2 . Short inserts are shown with a reduced font size, whereas longer inserts are represented by the corresponding numbers of residues. mechanism. Our analysis of the AEPs and the RCREs suggests that even the same fold was used in more than one way for solving the priming problem. These observations suggest a strong constraint against 'invention' of de novo initiation of DNA synthesis which, perhaps, stems from fundamental chemical differences between ribo-and deoxyribonucleotides, rather than a frozen evolutionary accident. It is tempting to speculate on the origin of priming in some more detail based on the previously reported evolutionary relationships between DNA polymerases and nucleotide cyclases (9, 13, 51) . Even though these protein folds also include RNA polymerases, there seems to be a specific evolutionary relationship between the respective DNA polymerases and nucleotide cyclases. This suggests that the cyclases evolved from DNA polymerases independently on multiple occasions. Combining this observation with the strict requirement for a primer, one might speculate that DNA polymerases could be inefficient in initiating DNA synthesis due, at least in part, to the competing futile reaction of 3 0 !5 0 nucleotide cyclization while using deoxyribonucleotides. Given the tendency of diverse, unrelated RNA polymerases to initiate de novo strand synthesis, it seems likely that this problem does not arise with ribonucleotides. This might explain the requirement for RNA primers for the initiation of DNA replication. This speculation is potentially testable through experimental demonstration of a cyclization reaction catalyzed by DNA polymerases.
In terms of specific evolutionary scenarios, previous reconstructions of the genome and the replication apparatus of the LUCA suggested that LUCA had the ability to synthesize DNA but certain key components of the replication apparatus, including the replicative polymerase, were missing. The apparent presence of DNA and RNAse HII, which removes primers during DNA replication, in LUCA suggests that it had a mechanism for priming DNA synthesis (18) . However, the phyletic patterns of the cellular members of the AEP superfamily do not seem to indicate that this enzyme was present in LUCA. Although LUCA might have had a DnaG-like protein, the association of the archaeal version of this enzyme with the exosome makes it an unlikely candidate for the ancestral primase (20) . A simple proposal made previously is that LUCA employed a reverse transcription step for DNA synthesis and might have accordingly used tRNAs as primers (18) . An alternative to this scenario is that the DNA replication system of LUCA was a purely DNA-based system as in modern cells. This proposal posited that the difference in the replication systems of the bacterial and archaeo-eukaryotic branches of life arose as a result of non-orthologous displacement of certain components, such as the primases and DNA polymerases, by proteins of phage provenance (19, 91) . In principle, this proposal is consistent with the discovery of AEPs and DnaG-type primases in numerous viruses and, in particular, with the presence of the primase small subunit-primase large subunit-MCM combination in phages and plasmids (21, 60, 88) . Furthermore, the functional equivalence of the two types of primases in viral replicons and evidence of multiple displacements indicate that different types of DNA replication components are extensively mixed-and-matched in the extra-chromosomal replicons. Nevertheless, there seem to be arguments against such a scenario. In the present study, we obtained indications that, both in eukaryotes and in prokaryotes, AEPs and other replication proteins were introduced into the cellular genomes from viral or mobile extrachromosomal replicons on several independent occasions. However, there is no evidence that Eukprim2 in eukaryotes or primases of the AEP superfamily in bacteria ever displaced the main replicative primase. The same observation holds true for the DNA polymerases, DNA ligases, DNA clamps and replicative helicases. Thus, the replication apparatus of cellular life forms seems to be refractory to displacement from functionally equivalent exogenous proteins, presumably due to mutual finetuning of individual components.
It appears plausible that there were several independent transitions to entirely DNA-based genomes via the transitional genomes involving the reverse transcription step. These parallel systems probably possessed different degrees of complexity, and certain viral and plasmid replicons might be models for the simpler systems that emerged in this period. While multiple non-orthologous displacements probably occurred in these DNA replication systems early on, after a certain level of complexity was reached in some of them, further displacements seem to have become unlikely if not altogether prohibited. Two of these systems acquired considerable complexity and became the precursors of the two principal cellular systems observed today.
General conclusions
Our study of the AEP superfamily greatly expanded the known diversity of AEPs and related proteins and revealed the unique active site shared by all members of this superfamily. Using contextual information provided by domain architectures and genome contexts of members of the AEP superfamily, we gleaned information regarding their functional associations with other conserved modules in the replication system. An interesting outcome of this investigation is the discovery of multiple, independent associations of members of the AEP superfamily with a variety of distinct ATPases that appear to function as helicases in replication initiation. Furthermore, we provide evidence for repeated in situ displacement of DnaG and AEP primase by each other in the context of the same polypeptide or operon. The discovery of the putative primases of the NCLDV class of viruses, the unification of these with the catalytic domain of the herpesvirus primases and prediction of the complete set of residues comprising the catalytic site of the latter seem to be of considerable importance. These findings might help in understanding unexplored aspects of the replication of these viruses and solving the longstanding mystery of the priming of their DNA replication. The discovery of the previously unnoticed, conserved eukaryotic AEPs related to the viral primases suggests the existence of novel DNA repair pathways. Similarly, the identification of potential primase-coding transposons points to a novel transposition mechanism. Experimental investigation of these systems has the potential of opening new vistas in the understanding of the crucial processes of DNA replication and repair.
SUPPLEMENTARY MATERIAL
A list of gis of all members of the AEP superfamily will be made available at ftp://ftp.ncbi.nih.gov/pub/aravind/.
